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Reconstructing past detrital ﬂux and provenance in the Southern Ocean provides information about changes
in source regions associated with climate variations and transport pathways. We present a Last Glacial Max-
imum (LGM) to Holocene comparison of 230Th normalised ﬂuxes combined with sediment provenance data
(Pb, Nd and Sr isotopes) from a latitudinal core transect in the eastern Atlantic sector of the Southern Ocean
(ODP Leg 177 cores). We compare the radiogenic isotopic composition (IC) of detritus in these cores to that of
cores proximal to potential source areas.
We observe a well-deﬁned latitudinal Holocene gradient in both detrital ﬂux and provenance of sediment.
High detrital ﬂuxes in the north are associated with terrigenous material derived from southern Africa,
while low detrital ﬂuxes in the south are associated with supply from southern South America, West Antarc-
tica and the South Sandwich Islands. The data suggest that this well-deﬁned Holocene gradient in detrital ﬂux
and sediment provenance is controlled by the ﬂow of the Antarctic Circumpolar Current (ACC) and the posi-
tion of its frontal zones. The LGM is characterised by 2 to 6 times higher than modern detrital ﬂuxes at most
ODP Leg 177 sites. The LGM detrital ﬂuxes do not show a latitudinal trend and suggest a greater supply of gla-
ciogenic detritus sourced from southern South America. Glacial Patagonian outwash sediments (b5 μm frac-
tion) were analysed and compared to the bulk compositions of the marine sediments. The Pb IC of the
Patagonian sediments is very similar to the glacial IC of sediments in the Scotia Sea and at ~49° S latitude
in the eastern Atlantic sector. We propose that the glacial IC of sediments is controlled by increased delivery
of Patagonian detritus initially supplied by glaciers and then transported at depth via the ACC.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The element iron, an essential micronutrient, is added to the global
ocean by the dissolution of silicate detritus. The input of detrital sedi-
ment into the Southern Ocean is particularly important because it is a
HighNutrient LowChlorophyll (HNLC) region.Martin (1990) suggested
that enhanced dust supply to the sub-Antarctic Southern Ocean during
the LGM might have stimulated the biological pump, transferring
carbon to the deep ocean and potentially contributing to the low atmo-
spheric CO2 concentrations (Fe fertilisation hypothesis). Ice core studies
from East Antarctica have established that during the LGM, the dustﬂux
to Antarctica was ≤25 times higher than during interglacial periods
(Lambert et al., 2008; Petit et al., 1999). However, there has thus far
been no direct evidence for a signiﬁcant contribution of Patagonian
dust to the detrital fraction recorded inmarine sediments of the Atlantic
sector of the Southern Ocean (Diekmann et al., 2000; Walter et al.,
2000).
Identifying sources and ﬂuxes of terrigenous detritus to the ocean
provides a means of reconstructing past sediment input and transport
mechanisms (e.g. Prospero et al., 2002), allowing reconstruction of
past changes in dust plumes (Grousset et al., 1998) and ocean cur-
rents (Diekmann et al., 2000; Franzese et al., 2006). Potential source
areas of detrital sediments in the Atlantic sector of the Southern
Ocean include southern South America, islands of the Scotia Arc,
West Antarctica (including the Antarctic Peninsula), East Antarctica
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and southern Africa. Terrigenous detritus can be delivered to the At-
lantic sector of the Southern Ocean via aeolian transport from arid re-
gions, such as Patagonia and southern Africa (e.g. Grousset et al.,
1992), and current transport mainly by the ACC, but also the Weddell
Gyre and the Agulhas Current (e.g. Diekmann et al., 2000, 2003; Kuhn
and Diekmann, 2002; Latimer et al., 2006). Since a thick ice sheet
covers the surface of the Antarctic continent, ice rafting is the domi-
nant transport mechanism for input from this source. Ice rafted debris
(IRD), however, constitutes only a minor proportion of the detrital
fraction of marine sediments in the pelagic Southern Ocean (e.g.
Diekmann et al., 2003; Teitler et al., 2010).
Isotope studies have established Patagonia as the most important
glacial source region of dust to Antarctica (Grousset et al., 1992:
Basile et al., 1997; Delmonte et al., 2004, 2010) and model results in-
dicate that there were probably signiﬁcant Patagonian dust inputs to
the Southern Ocean during the LGM (Li et al., 2008). Patagonia is the
only continental landmass south of 39° S with an arid climate and low
precipitation rates, where strong westerly winds dominate (Prospero
et al., 2002). Glacial–interglacial ﬂuctuations of Patagonian glaciers
likely controlled the availability of ﬁne sediment (Sugden et al.,
2009). During the LGM, extensive outwash plains and ﬂuvial systems
distributed vast amounts of sediment from the Andes across the
plains of Patagonia, providing a major source of dust. Combined
with a reduced hydrological cycle during the LGM the lifetime of par-
ticles in the atmosphere and their travel distances increased (Lambert
et al., 2008). A lower LGM sea level allowed glaciers to advance far onto
continental shelf resulting in high inputs of glaciogenic detritus from
the Patagonian shelf directly into the Southern Ocean (Diekmann et
al., 2000; Marinoni et al., 2008).
In this study we combine the use of Pb, Nd and Sr isotopes to con-
strain sediment sourcing with detrital ﬂux estimates using 230Th-nor-
malisation. The ﬁve cores chosen for these analyses were recovered
during Ocean Drilling Program (ODP) Leg 177 and extend across the
frontal system of the ACC, located between the Subtropical (STF)
and Subantarctic (SAF) Fronts (Sites 1088, 1089,1090) and between
the PF and the Southern Boundary of the ACC (SBACC) (Sites 1093
and 1094) in the circum-Antarctic opal belt (Fig. 1). The SAF and PF
separate warm, nutrient-poor surface waters in the north from cold,
nutrient-rich surface waters in the south. The zonal character of the
surface ACC is also reﬂected in sediments on the seaﬂoor. Sediments
bearing calcareous microfossils and enriched in the clay mineral kao-
linite prevail north of the PF, while sediments bearing siliceous micro-
fossils and enriched in the clay mineral chlorite dominate to the
south. (e.g. Diekmann, 2007; Diekmann et al., 2003). Thus the ODP
Leg 177 cores provide an excellent location to monitor changes in en-
vironmental conditions relating to sediment sources and transport
mechanisms to the eastern Atlantic sector of the Southern Ocean.
2. Material and methods
To reconstruct the sources of terrigenous detritus supplied to the
Leg 177 transect and examine past variability in sediment prove-
nance, we have measured the glacial and Holocene Pb, Nd and Sr iso-
tope ratios of bulk sediment in cores proximal to potential source
regions (Fig. 1, Table 1). We have deﬁned the potential sources
using cores located on the eastern Antarctic Peninsula margin in the
northwestern Weddell Sea (KC088, KC089, GC027); northern
(TPC290) and southern Scotia Sea (TPC288); and from the East Ant-
arctic continental slope in the southern Weddell Sea (PS2819 and
PS2820) (Table 1). Provenance of detritus originating from southern
Africa and transported by the Agulhas Current to the northerly Leg
177 sites is constrained by data from core WIND 1B. We also studied
Pb isotopes in late-glacial lake sediment samples from Patagonia
(b5 μm fraction), whose Nd and Sr isotopes were analysed by Sugden
et al. (2009).
Detrital ﬂuxes were measured on bulk sediments from the ODP
Leg 177 cores using 230Th normalisation. Accurate estimates of the
vertical ﬂux of detrital sediment to the seaﬂoor are vital for recon-
structing past climates. The isotope 232Th is used to trace the input
of silicate detritus to the ocean because it is sourced only from terres-
trial inputs. The 230Th normalisation method (Bacon, 1984; Francois
et al., 2004) is based on the assumption that the known production
rate of 230Th in the water column from the decay of 234U dissolved

























Fig. 1. Map of the study area with locations of samples analysed in this study (http://www.geomapapp.org). The main surface currents are shown by the fronts of the Antarctic
Circumpolar Current (ACC), the Weddell Gyre and the Agulhas Current. STF: Subtropical Front, SAF: Subantarctic Front, PF: Polar Front, SBACC: Southern Boundary of the Antarctic
Circumpolar Current [ACC] Front, NP: Northern Patagonia, SP: Southern Patagonia.
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and buried in the underlying sediments. This assumption appears to
hold at least approximately in most of the ocean based on sediment
traps, core data and model studies (Henderson et al., 1999; McManus
et al., 1998; Hoffmann and McManus, 2007; Yu et al., 2001) and re-
sults in the nearly constant burial of excess 230Th in sediment, unsup-
ported by the decay of lattice bound uranium. The highly particle
reactive nature of thorium and its short residence time in the water
column (b4 years in the upper water column and up to 40 years in
the deep water) provide an excellent method to estimate past particle
ﬂuxes (e.g. Martinez-Garcia et al., 2009), including bulk and compo-
nentﬂuxes, evenwhen detritalﬂuxes vary over awide range (McManus
et al., 1998; Robinson et al., 2008).
2.1. Sample selection
2.1.1. Age models for the Leg 177 sediment cores
The age models for the Leg 177 cores were presented in Hodell
et al. (2003a,b) and Shipboard Scientiﬁc Party (1999). In all cases,
the chronologies for these cores were sufﬁciently constrained to iden-
tify LGM and Holocene samples.
2.1.2. Chronologies of samples used for the identiﬁcation of potential
source regions
Two samples from WIND 1B (1–2 and 28–29 cm), a box core re-
trieved on the R/V Charles Darwin Cruise 129 in 2001, were used to
characterise detritus delivered by the Agulhas Current. No deﬁnitive
age model for this core was developed but based on the high sedi-
mentation rates (5 to 10 cm/ka) of nearby cores the samples were
taken from Holocene sediments (McCave, pers. comm.).
The age models for cores KC088 and KC089 from the NWWeddell
Sea were established by AMS 14C dating of calcareous microfossils
(Smith et al., 2010). The age model for core GC027, located also in
the NWWeddell Sea, is based on diatom and radiolarian biostratigra-
phy combined with magnetostratigraphy (Jordan and Pudsey, 1992).
The age models for cores TPC288 and TPC290 were determined by
combining AMS 14C dates on the acid-insoluble organic fraction, radi-
olarian biostratigraphy, and correlation of the magnetic susceptibility
records of the cores with the dust ﬂux record of the EPICA Dome C ice
core (Pugh et al., 2009). The LGM and Holocene in cores from the East
Antarctic continental slope (PS2819 and PS2820) were identiﬁed by
Vernaleken (1999) using the lithostratigraphy developed by Grobe
and Mackensen (1992) for this part of the Weddell Sea margin.
Eight samples of the ﬁnest fraction (b5 μm) of lacustrine clay/silts
from Patagonia were used to measure their Pb isotope composition.
These samples are of LGM age according to AMS 14C dating (Sugden
et al., 2009).
2.2. Procedures
2.2.1. Provenance tracers Pb, Nd and Sr isotopes
In order to analyse the detrital silicate fraction of the bulk sedi-
ment, authigenic phases were removed. Carbonate and Fe–Mn oxides
were removed using buffered acetic acid and 0.02 M hydroxylamine
hydrochloride in 25% (v/v) acetic acid respectively (Chester and
Hughes, 1967; Piotrowski et al., 2004; Rutberg et al., 2000). To ensure
that all the Fe–Mn oxides were removed, the samples were treated
with a further 1 M HH in 25% acetic acid for 3 h at 90 °C (Bayon
et al., 2002). Biogenic silica was not removed from the bulk sediment
samples because the concentrations of Pb, Nd, and Sr in opal are insig-
niﬁcant relative to their concentrations in the detritus. The b5 μm
Patagonian samples were chemically treated by Sugden et al. (2009)
to remove carbonates, Fe oxides, amorphous silica and alumina.
Sediment digestions were carried out on the detrital fraction using
~50 mg of bulk sediment. The samples were dissolved using pressure
bombs in a standard three-stage treatment of 47% ROMIL HF, 6 M
Quartz Distilled (QD) HNO3, and 6 M QD HCl, and heated to 180 °C
for at least 8 h. The Pb, Nd and Sr isotopes were separated following
the procedures of Hemming and Rasbury (2000), Rutberg et al.
(2000) and Bickle et al. (2003).
Pb and Nd isotopes were analysed using a Nu Plasma multi-
collector plasma mass spectrometer (MC-ICP-MS) at the University
of Cambridge. For Pb isotope analysis, the standards and samples
were spiked with thallium at a Pb/Tl ration of 2:1, in order to correct
for mass fractionation (Walder and Furuta, 1993). The samples were
bracketed with NBS 981, with sufﬁcient wash out time between stan-
dard and sample. The samples were analysed in three sessions during
which the bracketing standards had an average value and external re-
producibility of 16.93668 (2σ error: 142 ppm) for 206Pb/204Pb,
15.49711 (159 ppm) for 207Pb/204Pb and 36.71501 (188 ppm) for
208Pb/204Pb (n=118).
The Nd analyses were performed according to the method of
Halliday et al. (1998). During the course of analysis (three sessions)
the bracketing standards (JNdi-1; Tanaka et al., 2000) had an average
143Nd/144Nd ratio of 0.512127 and an external reproducibility of
29 ppm (n=92), which corresponds to an average εNd error of
±0.30. For convenience, 143Nd/144Nd ratios are presented as εNd, the
deviation from the chondritic value (143Nd/144Nd(CHUR)=0.512638;
Jacobsen and Wasserburg, 1980). This deviation is calculated via
εNd=143Nd/144Nd(measured) /(143Nd/144Nd(CHUR)−1)×104.
Sr isotopes were analysed on the TIMS Sector 54 at the University of
Cambridge. The Sr isotope ratios were measured using a triple collector
dynamic algorithm, normalised to a 86Sr/88Sr ratio of 0.1194. For each
sample 200 ratios were run, in a total of three sessions. The mean stan-
dard NBS 987 value for 90 analyses run throughout the duration of the
sessions was 0.710266 with a 2σ external error of 0.000022. The 88Sr
beam voltages were ~1.5 V. Procedural blanks were insigniﬁcant com-
pared to the amounts of Pb, Nd and Sr in the samples.
2.2.2. Thorium isotopes
For thorium isotope analysis we used ~50 mg aliquots of oven-
dried (40 °C) sediment. The bulk sediment digestions were carried
out using HF and perchloric acid, as described by McManus et al.
(2004) and Pichat et al. (2004). U and Th were separated and puriﬁed
using anion-exchange column chemistry based on Edwards et al.
(1986). Isotopic analyses were made using a Finnigan Element 2
single-collector inductively coupled plasma mass spectrometer at
Woods Hole Oceanographic Institution. Regular standards and acid
rinses were monitored to account for machine blank, peak tailing,
mass bias, counter gain and drift.
The seawater-derived (unsupported or “excess”) 230Th concentra-
tion used to calculate detrital and mass ﬂuxes was corrected for the
presence of detrital thorium, the decay of 230Th (half-life 75,000 years),
Table 1
Location and depth of marine sediment cores.
Location Core Latitude Longitude Depth
(m)
Agulhas Ridge ODP177-1088 41° 8′ 2′′ S 13° 33′ 8′′ E 2082
Cape Basin ODP177-1089 40° 56′ 2′′ S 9° 53′ 6′′ E 4620
Agulhas Ridge ODP177-1090 42° 54′ 8′′ S 8° 54′ E 3702
Near Polar Front ODP177-1093 49° 58′ 6′′ S 5° 51′ 9′′ E 3626
South of SBACC ODP177-1094 53° 10′ 8′′ S 5° 7′ 8′′ E 2807
SW Indian Ocean WIND1B 35° 07′ 31′′ S 35° 32′ 12′′ E 4156
N Weddell Sea GC027 61° 46′ 48′′ S 40° 7′ 48′′ W 3470
N Weddell Sea KC088 63° 57′ 0′′ S 52° 42′ 0′′ W 1441
N Weddell Sea KC089 63° 55′ 12′′ S 52° 19′ 48′′ W 1449
S Scotia Sea TPC288 59° 8′ 24′′ S 37° 57′ 36′′ W 2864
N Scotia Sea TPC290 55° 33′ 0′′ S 45° 0′ 36′′ W 3826
East Antarctic slope PS2819 72° 23′ 24′′ S 17° 51′ 12′′ W 1432
East Antarctic slope PS2820 71° 40′ 16′′ S 15° 46′ 48′′ W 1341
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and the ingrowth of 230Th from the decay of authigenic 234U (half-life
2.45×105 years).
3. Results
3.1. Eastern Atlantic sector transect — Holocene
There is a well-deﬁned latitudinal gradient during the Holocene
for both detrital ﬂux and provenance, as determined by thorium iso-
topes and radiogenic isotope characteristics, respectively. The highest
232Thﬂuxes are observed in the north, near to southern Africa; and low-
est ﬂuxes in the south, closer to Antarctica (Fig. 2, Supp. Table 2). The
same trend applies to the bulk detrital ﬂuxes, converted from the
232Th ﬂuxes by assuming that the concentration of 232Th (using an
upper crust concentration of 10.7 ppm; Taylor and McLennan, 1985)
from all sources is the same. Similarly, the Pb, Nd and Sr isotope distri-
butions show well-deﬁned geochemical gradients across the transect
(Fig. 3, Supp. Table 3). Cores in the north have amore cratonic signature
characterised by low εNd and high 87Sr/86Sr and Pb isotope ratios com-
pared to cores further south, which are more radiogenic in εNd and less
radiogenic for 87Sr/86Sr and Pb isotopes the closer the sites are to the
Antarctic.
3.2. Eastern Atlantic transect — LGM
In contrast to the Holocene, there is no systematic spatial pattern
in detrital ﬂuxes during the LGM. However, an overall increase with
the same or higher detrital ﬂuxes at the LGM compared to the Holo-
cene is observed at all four sites (Fig. 2). The most signiﬁcant LGM
to Holocene change is observed south of the PF, with the largest
change in 232Th ﬂux at Site 1093 (69.8±3.7 μg m−2 yr−1), where it
is 6 times higher than during the Holocene.
A systematic LGM to Holocene change in εNd and 87Sr/86Sr isotopic
signature occurs at three of our four core sites (Fig. 3). The glacial
values at Sites 1088 and 1089 are all more radiogenic in εNd and
less radiogenic in 87Sr/86Sr isotope ratios compared to the Holocene.
The southernmost Site 1094 deviates from this trend.
3.3. Isotopic composition of detritus in potential source regions
3.3.1. Agulhas Current
The Holocene εNd, 87Sr/86Sr and Pb isotopes measured at site
WIND 1B have the least radiogenic εNd (−12.8±0.4) and most radio-
genic 87Sr/86Sr (0.72586±0.00001) and 207Pb/204Pb (19.14150±
0.0005) values of all cores analysed, characteristic of cratonic-
derived sediment from southern Africa (Figs. 5, 6).
3.3.2. Scotia Sea
The Scotia Sea cores TPC288 (southern site) and TPC290 (northern
site) show similar intermediate εNd values (~−5 εNd) during the Ho-
locene. However, TPC288 has higher 87Sr/86Sr and lower 207Pb/204Pb
values compared to TPC290 (see Supp. Table 3). The glacial εNd iso-
tope composition for TPC288 and TPC290 is similar to Holocene
values, with more variability shown in the 87Sr/86Sr and 207Pb/204Pb
ratios.
3.3.3. Eastern Antarctic Peninsula
During the Holocene, the three core sites (KC088, KC089 and
GC027) from the westernWeddell Sea have less radiogenic εNd values
and more radiogenic 87Sr/86Sr and Pb isotope ratios than the Scotia
Sea cores. During the LGM, the isotope ratios at all sites from the east-
ern Antarctic Peninsula margin are consistently less radiogenic for εNd
and more radiogenic for 87Sr/86Sr and Pb isotope ratios than during
the Holocene (Fig. 4).
3.3.4. East Antarctica
In the southern Weddell Sea, cores PS2819 and PS2820 show the
largest LGM to Holocene shift observed in εNd, with a systematic
trend from less radiogenic (−10) to more radiogenic (−2) values,
associated with only a small change in 87Sr/86Sr ratios (Fig. 4). We ob-
serve the least radiogenic Pb isotope values of all cores at sites PS2819
and PS2820 (Supp. Table 3) during both the LGM and the Holocene
(Fig. 6).
3.3.5. Patagonia
Sugden et al. (2009) have previously published the Nd and Sr iso-
tope ratios on glacialb5 μm sediments from Patagonian (Figs. 4, 5).
Despite the difference in grain size, the samples Magellan Straits
(i.e. in southern Patagonia) have a similar 207Pb/204Pb isotope compo-
sition to that of the bulk sediment from both the northern and south-
ern Scotia Sea cores, and also the glacial bulk sediments from cores
1093 and 1094 in the eastern Atlantic sector (Fig. 6 Supp Table 4).
By contrast, the northern Patagonian samples have distinct Pb isotope
ratios compared to the southern Patagonian samples, and exhibit
more radiogenic isotope values, probably due to the higher abun-
dance of pre-Cambrian to Cambrian basement rocks with K–Ar ages







































































Fig. 2. 232Th ﬂuxes (μg m−2 yr−1) (left axis) and detrital ﬂuxes (g m−2 yr−1) (right axis) at core sites in the eastern Atlantic sector of the Southern Ocean during the Holocene (left
panel) and the LGM (right panel) calculated by 230Th-normalisation. Error bars (2σ) for all measurements except the LGM ﬂux at Site 1093 are smaller than the symbol size. No LGM
ﬂux was determined for Site 1090.
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4. Discussion
The provenance data of the cores from the eastern Atlantic sector of
the Southern Ocean are compared to the isotope compositions of likely
source regions in Figs. 5 and 6. Southern South America is characterised
by a wide range of isotope values due to the variable proportions of
mantle-derived and older crust material (Pankhurst et al., 1998); with
the extensiveAndeanVolcanic Zonedisplaying awide range of radiogenic
Nd isotopes compared to a narrow range of 87Sr/86Sr (~0.705). On the
eastern coast of the Antarctic Peninsula Middle Jurassic rhylolitic rocks
are found, which are similar to those from the Chon Aike province in
southern South America (Riley et al., 2001; 2010). Rocks from East Ant-
arctica cover a wide range of εNd values and 87Sr/86Sr ratios, with low
εNd values and high 87Sr/86Sr ratios originating from Archean basements
rocks in East Antarctica (cf. Walter et al., 2000; Wareham et al., 1998).
4.1. Detrital supply to the Scotia and Weddell seas
During the LGM, lower sea levels and signiﬁcant expansion of gla-
ciers in Patagonia and the Antarctic Peninsula may have increased the
supply of ﬁne-grained glaciogenic detritus to the Scotia Sea. One pos-
sible mechanism is the seaward extension of glaciers resulting in dis-
charge of both icebergs and meltwater plumes into the surface waters
of the ocean (DaSilva et al., 1997; Marinoni et al., 2008). The concen-
tration of IRD released by the icebergs in sediments from the Scotia
Sea is highest during glacial terminations, but in general the input
of coarse IRD is minor compared to the release of ﬁne-grained parti-
cles redistributed by currents (Diekmann et al., 2000; Pugh et al.,
2009). The extent of meltwater plumites is restricted to the continen-
tal margin (e.g. Lucchi et al., 2002; Pudsey, 2000). An alternative
mechanism is the advance of the grounded Antarctic Peninsula and
Patagonian ice sheets to the shelf edge, which resulted in the gravita-
tional downslope transport of glaciogenic debris by slumps, slides and
turbidity currents into the deep sea and its redeposition there by bot-
tom currents (e.g. Diekmann et al., 2003; Lucchi et al., 2002; Pudsey,
2000).
The radiogenic isotope composition of core TPC290 during both
the Holocene and the LGM suggests that Patagonia is the dominant
source of sediment in the northern Scotia Sea, and may reﬂect

































































Fig. 3. a) εNd, b) 87Sr/86 206Pb/204Pb and d) 207Pb/204Pb isotope data from the ODP Leg 177 cores for the Holocene (open squares) and the LGM (ﬁlled squares) plotted against lat-
itude; 1089 (red), 1088 (orange), 1090 (brown), 1093 (green), 1094 (blue). The 2σ uncertainties for 87Sr/86Sr, 206Pb/204Pb and 207Pb/204Pb are smaller than the symbol sizes. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Walter et al., 2000). Signiﬁcant contribution of detritus from the
Puna–Altiplano Plateau (PAP) ignimbrites in northern Patagonia is
unlikely since it could only be delivered by atmospheric transport.
The LGM to Holocene variability observed in the isotope composition
of the southern Scotia Sea core TPC288, can be explained by mixing
with detritus sourced from West Antarctica (Fig. 4). The isotope
compositions of cores in the western Weddell Sea (KC088, KC089
andGC027) indicate that their detritus is derived from Jurassic rhyolites
of the eastern Antarctic Peninsula (Pankhurst et al., 2000; Riley et al.,
2001). A mixing line between the southern South Andean Volcanic
Zone (SSVZ), the dominant Patagonian end-member ([Sr] 409 ppm,
87Sr/86Sr 0.70414 and [Nd] 21 ppm, εNd +3.7) (Parada et al., 2001),
and LGM sediments at site GC027 from the eastern Antarctic Peninsula
margin ([Sr] 140 ppm, 87Sr/86Sr 0.70414 and [Nd] 30 ppm, εNd −8.7)
can explain the Nd and Sr isotope variability of sediments deposited
in the southern Scotia Sea (Fig. 4). Core GC027, however, is unlikely
to represent the pure end-member composition for the Antarctic
Peninsula, therefore the proportion of Patagonian derived sediment to
the Scotia Sea is likely to be >60%. The distinct isotope composition of
sediments deposited during the last deglaciation at site TPC288
(Fig. 4) is most likely linked to enhanced supply from the Antarctic
Peninsula during a time of ice sheet decay.
4.2. 230Th normalised ﬂuxes in the eastern Atlantic sector
4.2.1. Holocene
Modern day aeolian ﬂux estimates for the Southern Ocean are some
of the lowest in the world, ranging between 0.01 and 0.1 g m−2 yr−1
(Duce et al., 1991). However, we observe Holocene 230Th-normalised
detrital ﬂuxes that range from 1.1 to 3.9 g m2 yr−1, which indicates
that aeolian supply is not themain transport mode for detritus deposit-
ed in the eastern Atlantic sector (cf. Kuhn and Diekmann, 2002). Our
230Th-normalised detrital ﬂux estimates are comparable to those
reported by Franzese et al. (2006) for the east Atlantic between the
Cape Basin and Subantarctic region (1.2 to 5.8 g m−2 yr−1).
The Holocene 230Th-normalised detrital ﬂuxes decrease along the
Leg 177 transect from north to south. The generally higher 230Th-nor-
malised detrital ﬂuxes from cores beneath the Agulhas Current (5.6 to
7.5 g m−2 yr−1; Franzese et al., 2006) indicate that dominant supply
of detrital sediment today originates from the southern Africa.
The concentration of 232Th does vary in different types of sedi-
ment depending on the source, with higher concentrations in the
continental crust and low concentrations in basaltic volcanic material.
The detrital supply from different source regions changes between
the LGM and the Holocene at our core sites (Fig. 3, Supp. Table 3),
so we may underestimate the bulk detrital ﬂuxes by using a constant
232Th concentration (e.g. Futa and Stern, (1988) reported lower Th
concentrations for the Southern Andean Volcanic Zone). However,
the trend of higher LGM detrital ﬂuxes in the south of the Leg 177
transect is still robust.
4.2.2. Last Glacial Maximum
At all sites from the Leg 177 transect the LGM detrital ﬂux was the
same or greater than in the Holocene. The sites close to Africa show
little to no change, whilst the sites close to the PF exhibit ﬂuxes 2.5
to 6 times higher during the LGM (Fig. 2). These bulk detrital ﬂuxes
are an order of magnitude higher than those in the eastern and cen-
tral equatorial Paciﬁc (Anderson et al., 2006; Winckler et al., 2008),
where detritus was transported to the equatorial Paciﬁc predomi-
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Fig. 4. εNd and 87Sr/86Sr isotopic composition of bulk marine sediments from the northwestern Weddell Sea (purple symbols), northern Scotia Sea (black triangles), southern Scotia Sea
(blue diamonds), and the East Antarctic continentalmargin (greendiamonds and circles). Glacial samples are indicated by ﬁlled symbols and theHolocene samples by open symbols, with
deglacial samples (~8–13 ka) from the southern Scotia Sea highlighted by triangles with a ‘+’. Published compositional data from bulk sediments of the northern and southern Scotia Sea
(spanningMarine Isotope Stages [MIS] 1 toMIS 6) are shown by green and yellow dots, respectively, and the corresponding composition of the clay fraction from the northern Scotia Sea
sediments is indicated by pink stars (Walter et al., 2000). The potential source regions in southern South America are: Tertiary Plateau Lavas (Gorring et al., 2003; Hawkesworth et al.,
1979; Kay et al., 1993), southern South Andean Volcanic Zone (SSVZ) (Parada et al., 2001), northern Southern Andean Volcanic Zone (NSVZ) (Futa and Stern, 1988), Argentine loess
(Smith et al., 2003), Puna–Altiplano plateau ignimbrites (PAP) and Patagonian rhyolites (Gaiero et al., 2007). The Antarctic source region is represented by Jurassic rhyolites (Gaiero,
2007, and references within). The dotted line encircles compositional data on glacial dust in East Antarctic ice cores (MIS 2–4) (Basile et al., 1997; Delmonte et al., 2004), and the solid
grey circle marks recent Patagonian material (RPM) (Gaiero et al., 2007), which includes aeolian dust and b63 μm top soils. The black “+” symbols indicate the composition of glacial
sediments (b5 μm) from Patagonia (Sugden et al., 2009). Isotope mixing curves: i) the dashed purple line highlights the isotope mixing between SSVZ and sediments represented by a
glacial sample from the eastern Antarctic Peninsula margin (GC027) and ii) the solid black line represents isotope mixing between RPM and PAP ignimbrites. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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of detritus by currents rather than wind, as the main glacial sediment
transport mechanism in the Atlantic sector of the Southern Ocean.
However, 230Th-normalisation may not correct fully for long distance
sediment transport, despite the likelihood of re-equilibration of parti-
cles with thorium before burial. Preferential transport of ﬁne-grained
sediment has been shown to deliver higher adsorbed 230Th concentra-
tions due to their larger surface area (Frank et al., 1996; Kretschmer
et al., 2010;McGee et al., 2010). Consequently, the estimates for detrital
ﬂuxes presented here are likely to be lower limits for the true ﬂuxes,
which may be higher by a few tens of percent (McGee et al., 2010).
Reconstructions of Patagonian glaciers show that dust peaks in the
Antarctic ice cores coincide with periods when glaciers discharged di-
rectly onto outwash plains (Sugden et al., 2009). Glacial accumulation
rates of terrigenous detritus in the Scotia Sea (calculated without
230Th normalisation) were ca. 3 to 9 times higher than during the Ho-
locene (Diekmann et al., 2000). The contribution of aeolian deposition
to the sedimentary budget in the Scotia Sea has been shown to be less
than 3% based on the accumulation rate of detritus in the Scotia Sea
and the expected aeolian ﬂux during the LGM (Walter et al., 2000).
Therefore, the higher glacial detrital ﬂuxes and more homogenous
isotope composition of detritus observed in the eastern Atlantic sector
of the Southern ocean were likely the result of increased supply of gla-
ciogenic material due to the glacial expansion of the Patagonian ice
sheet and increased current transport, with higher glacial ACC speeds
(Pudsey and Howe, 1998).
4.3. Transport of Patagonian detritus to the Atlantic sector of the South-
ern Ocean during the last glacial period
The N–S gradient in isotope composition at the Leg 177 core sites
observed in the Holocene was less pronounced during the last glacial
period (Fig. 3). The Nd isotope ratios diverge frommore uniform LGM
values to more cratonic isotope ratios in the Holocene except for Site
1094, which is more mantle-like (Fig. 5). The glacial Pb isotope com-
positions of bulk sediments from the Scotia Sea and the eastern Atlantic
sector of the Southern Ocean show greater spatial homogeneity across
the ACC (Fig. 6). The glacial homogeneity in isotope composition of de-
tritus along the Leg 177 transect is demonstrated by the glacial 206Pb/
204Pb and 207Pb/204Pb ratios at Sites 1093 and 1094, which are similar
to one another within 2σ uncertainties (Fig. 6). This is in marked con-
trast to the Holocene, when the isotope ratios at Sites 1093 and 1094
are quite different. In addition, the glacial Pb isotope compositions of
Sites 1093 and 1094 are remarkably similar to glacial Pb isotope compo-
sitions of bulk sediments from the Scotia Sea and the NWWeddell Sea
(Fig. 6). Overall these data supportmore homogeneous sedimentary in-
puts distributed by the ACC to the Atlantic sector of the SouthernOcean,
during the LGM than compared toHolocene. However, the higher detri-
tal ﬂuxes may not only be related to changes in the contribution from
source regions, but may also be related to an overall increase in volume
transport and current speed within the ACC (Pudsey and Howe, 1998).
The systematic increase in sediment focusing in the Atlantic sector of
the SouthernOcean, particularly around 45° S, during the last glacial pe-
riod supports this scenario (Frank et al., 1999), which is likely to have
led to more efﬁcient horizontal sediment transport.
During the transport of detrital particles by currents or wind, grain
size sorting can result in variable isotopic compositions that differ
from the isotopic compositions of the source rocks. Nd isotopes are
powerful tracers of sediment provenance since they are not affected
by grain size fractionation (e.g. Feng et al., 2009). In contrast, the Sr iso-
tope system shows strong grain size dependence, with increasing 87Sr/
86Sr ratios with decreasing grain size fractions (Dasch, 1969). The grain
size dependence of Pb isotopes on the other hand is not well studied. Pb
isotopes do show signiﬁcant variations with grain size, but with no spe-
ciﬁc trend (Feng et al., 2010). We observe a similar Nd, Sr and Pb isoto-
pic range between the LGMandHolocene for the isotope composition of
the bulkmarine sediments in the Scotia Sea and at Site 1093 (Figs. 5, 6).
This data suggests that grain size fractionation does not control the
changes in isotope composition in the Atlantic sector of the Southern
Ocean. The LGM to Holocene 87Sr/86Sr changes observed in the detritus
of the Leg 177 cores are associated with variations in εNd, which are not
affected by sorting (Goldstein et al., 1984). The 87Sr/86Sr ratios are less
radiogenic during the last glacial period than during the Holocene at 3
Scotia Arc



























Fig. 5. εNd and 87Sr/86Sr isotope composition of the Leg 177 cores and potential source regions comprising southern Africa (WIND 1B; pink circles), the northwestern Weddell Sea
and the Scotia Sea. Glacial samples are marked by ﬁlled symbols and Holocene samples by open symbols (2σ uncertainties are smaller than the size of the symbols). Literature
values for potential sources in southern South America are the same as in Fig. 4. Additionally, the isotope compositions of rocks from the Scotia Arc (GEOROC database; http://
georoc.mpch-mainz. gwdg.de), and sediments from the Cape Basin and Agulhas Current (Franzese et al., 2006) are shown. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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of the 4 core sites, which is the opposite change to be expected, if grain
size fractionation during transport was the dominant control. This im-
plies a sediment sourcing control rather than grain size fractionation.
Furthermore, since Nd isotopes do not show large variations due to cli-
mate ﬂuctuations (e.g.Meyer et al., 2011), the LGM toHolocene εNd var-
iability provides a robust indication for changes in sediment sourcing
rather than changes in the weathering regime. The lack of grain size
control on the bulk sediment isotopic composition may result from
the high bottom current speed (>10 cm/s) of the ACC (Pudsey, 1992),
which enables transport of all particles with a grain size b1 mm (cf.
Frank et al., 1995).
The Sr isotope composition of the glacial Patagonian sediments
(b5 μm) clearly shows fractionation associated with ﬁner grain sizes
as demonstrated by Gaiero (2007). The 87Sr/86Sr isotope ratios are
offset to more radiogenic values than the glacial bulk sediments of
the Scotia Sea (Fig. 5). In contrast, the glacial Nd and Pb isotope ratios
of the bulk sediments from the Scotia Sea and b5 μm sediments from
Patagonian are very similar (Figs. 5, 6). More work is required to un-
derstand how Pb isotopes vary with grain size, but the data presented
here suggests no major differences with grain size.
Wemodelled the LGM to Holocene change in isotopic composition
at Sites 1088 and 1089 using a two end-member mixing model for Nd
and Sr isotopes (Supp Fig. 1). The southwest end-member was esti-
mated by using the average values measured on the Scotia Sea sedi-
ments to deﬁne the isotope composition of detritus delivered by the
ACC. For the northern end-member, we consider a range of values
for sediments sourced from southern Africa: i) the isotope signature
of detritus deﬁned by the sediment composition of the WIND 1B
core; ii) the isotope composition of the “Agulhas end-member”, i.e.
of detritus carried by the Agulhas Current, as deﬁned by Franzese
et al. (2006). The glacial to Holocene variability at Site 1089 is best
explained by mixing with WIND 1B, whereas that at Site 1088 is
best explained by mixing with the Agulhas end-member for Site
1088. The mixing models suggest that the proportion of detritus
delivered from the Scotia Sea (i.e. of terrigenous material derived
originally from Patagonia) was 15–25% greater during the glacial pe-
riod than during the Holocene.
Temporal variability in the strength of the Agulhas Current, which
transports cratonic-derived material from southern Africa to the At-
lantic sector of the Southern Ocean, has been proposed to explain
the evolution in isotope composition of marine sediments at nearby
sites (Franzese et al., 2006). We have shown that higher glacial detri-
tal ﬂuxes in the eastern Atlantic sector of the Southern Ocean were as-
sociated with increased delivery of terrigenousmaterial from Patagonia
by the ACC. During the LGM, increased eastward current-transport of
ﬁne-grained sediment can explain our data without invoking a reduc-
tion in cratonic-derived sediment input to the Cape Basin by a weaker
Agulhas Current (Franzese et al., 2006; 2009) or a reduction in south-
ward sediment supply in response to reduced inﬂux of North Atlantic
Deep Water (NADW) (e.g. Bayon et al., 2003; Diekmann et al., 2003).
Therefore, the homogenous sediment provenance and the higher ﬂuxes
at the Leg 177 sites during the LGM can be fully and most simply
explained by higher input of glaciogenic detritus fromPatagonia and in-
creased transport by the ACC.
4.4. Evidence for an LGM-Holocene shift in the position of the ACC fronts?
The circulation of the ACC is controlled by the intensity of westerly
winds and bottom topography, which drive its zonal ﬂow (Rintoul
et al., 2001). In the Scotia Sea, the positions of the ACC fronts aremainly
controlled by the seaﬂoor topography and therefore unlikely to have
changed on glacial-interglacial timescales (Pudsey and Howe, 1998;
Naveria-Garabato et al., 2002). However, this is not necessarily the
case in the entire Atlantic sector of the Southern Ocean. Our data sug-
gests that the ACC controls the dispersal of terrigenous material to the
eastern Atlantic sector of the Southern Ocean (Fig. 7). Particle sinking
velocities within the PF region (averaging 157±87 m day−1) (Fischer
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Fig. 6. Pb isotope composition of potential sources for sediments in the eastern Atlantic sector of the Southern Ocean. Glacial samples are marked by ﬁlled symbols and Holocene
samples by open symbols (2σ uncertainties are smaller than the size of the symbols). Shaded areas represent literature values for sources presented in Figs. 4 and 5: Tertiary–Qua-
ternary Plateau lavas in South America (Gorring et al., 2003), SSVZ, the Scotia Arc region (GEOROC database; http://georoc.mpch-mainz.gwdg.de) and the Antarctic Peninsula
(which is only represented by basalts from Seal nunataks, Hole et al., 1993). Data for the South Sandwich Islands (SSI) are from bulk detrital grains and glasses from tephra-rich
IRD layers in sediments from Site 1094 (Nielsen et al., 2007). There is only limited Pb isotope data from potential source areas.
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mechanism for long distance transport within the ACC. In addition, bal-
lasting affects between biogenic and detrital particles probably increase
particle sinking velocities (Fischer and Karakas, 2009) and thus reduce
long distance transport of detritus in the surface waters. Furthermore,
in the eastern Atlantic sector of the Southern Ocean lateral sediment re-
distribution by the ACCwas locally up to 6.5 times greater than the ver-
tical rain rates during the LGM (Frank et al., 1996).
The isotope compositions of glacial and Holocene sediments at
Site 1093 and upstreamwithin the ACC at site TPC290 in the northern
Scotia Sea are very similar. At Sites 1093 and 1094, the sediments do
not indicate a dominant supply of detritus from East Antarctica, prob-
ably because the SBACC acts as an effective barrier preventing en-
trainment of detritus from this source region (Fig. 7). At present,
bottom currents and icebergs transport East Antarctic detritus as far
as the central Weddell Sea and southern Scotia Sea (Diekmann and
Kuhn, 1999; Walter et al., 2000). During interglacial periods only
very large, and thus rare icebergs from East Antarctica are capable
of reaching the eastern Atlantic sector of the Southern Ocean,
while IRD deposition from this source increased during glacial pe-
riods (Teitler et al., 2010).
The more mantle-derived isotope composition during the Holocene
at Site 1094, compared to Site 1093 and the Scotia Sea cores (Figs. 4–6)
can be attributed to the supply of detritus sourced from the South Sand-
wich Islands. This detritus is advected along the ﬂow path of the ACC
both in suspension and incorporated as IRD in icebergs and/or sea-ice
ﬂoes (Nielsen et al., 2007). At the LGM, Site 1094was covered bywinter
sea-ice and perhaps sporadically even by perennial sea ice (Bianchi and
Gersonde, 2004), probably implying more variable detrital input with
supply from southern America dominating during the ice free
months and IRD supply from sources in Antarctica and the South
Sandwich Islands (cf. Nielsen et al., 2007) prevailing during the
sea-ice season.
Analyses of diatom and radiolarian assemblages and accumulation
rates of opal and biogenic barium in sediment cores from the eastern
Atlantic sector of the Southern Ocean have indicated a glacial north-
ward shift of the PF by ~3–5° of latitude (e.g. Brathauer and Abelmann,
1999; Frank et al., 2000; Gersonde et al., 2003, 2005; Nürnberg et al.,
1997). The similarity in the isotope composition of sediments from
Site 1093 and the Scotia Sea, however, does not conclusively support a
major northward displacement of the PF during the LGM and thus
may be consistent with the glacial reconstruction by Matsumoto et al.
(2001). On the other hand, the higher glacial proportion of Patagonian
derived detritus observed at Sites 1088 and 1089 may suggest a north-
ward displacement of the ACC fronts. However, this cannot be distin-
guished from the more widespread dispersal of Patagonian detritus
during the last glacial due to increased glaciogenic supply and higher
speeds and volume transport of the ACC.
Higher input of terrigenous detritus to the surface waters of the
Fe-starved pelagic regions of the Southern Ocean during the LGM
should have increased biological productivity. For all sectors of the
Southern Ocean, export production during the LGM appears to have
increased in the region north of the modern PF but decreased to the
south (Anderson et al., 2002; Chase et al., 2003; Frank et al., 2000;
Kumar et al., 1995). Higher productivity in the last glacial period
could have resulted from enhanced aeolian dust supply, yielding
higher levels of bioavailable Fe in the surface waters (e.g. Kumar et al.,
1995). This scenario was recently supported for Site 1090 by Martinez-
Garcia et al. (2009, 2011). The data presented here, however, indicates
that ACC transport was the dominant mode for the supply of
Patagonian-sourced detritus to the glacial Southern Ocean. Deep current
transport is most likely, given ballasting between detritus and biogenic
particles, although greater volume transport of the ACC during the LGM
may have increased eastward displacement of particles carried in the
surface waters. During the LGM, increased glaciogenic supply of detritus
to the Scotia Sea, combined with lower sea levels and therefore greater
interaction between the shelves and ocean currents, may have resulted
in Fe enrichment of deepwaters. Today, relatively high Fe concentrations
in surface waters are observed in the Polar Front region of the Atlantic
sector of the Southern Ocean. These higher Fe contents are associated
with vigorous wind-driven upwelling and eddy diffusion (de Baar
et al., 1995) and are suggested to result from the energetic interaction
between the Polar Frontal jet and the South America shelf and slope sed-
iments (Loscher et al., 1997). Increased upwelling and deep mixing dur-
ing the last glacial period could supply this sedimentary source of Fe to
the surface waters. However, reduced upwelling and increased stratiﬁ-
cation of the glacial Southern Ocean have been suggested as mech-
anisms to sequester CO2 away from the atmosphere and into the
deep ocean (e.g. Jaccard et al., 2005, Sigman et al., 2010; Watson
and Garabato, 2006). Increased glacial stratiﬁcation, however, is





































Fig. 7. Modern day position of the ACC fronts, with εNd values shown for the Holocene (regular numbers) and LGM (numbers in italics, in grey boxes) for all cores analysed in this
study and the isotope composition of detritus from the SSI (Nielsen et al., 2007). (Base map: http://www.geomapapp.org).
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Southern Ocean (e.g. Hillenbrand and Cortese, 2006; Sigman et al.,
2010). The contributions of a higher glaciogenic input and in-
creased sediment transport within the deep ACC to elevated Fe
concentrations in surface waters of the Southern Ocean at the
LGM requires further investigation.
5. Conclusions
• Detrital inputs to the eastern Atlantic sector of the Southern Ocean
were more homogenous during the LGM than during the Holocene.
• Increased supply of glaciogenic detritus from Patagonian and the
Antarctic Peninsula ice sheets during the LGM is reﬂected in the
provenance signal of cores from the eastern Atlantic sector of the
Southern Ocean.
• The higher glacial detrital ﬂuxes in the eastern Atlantic sector of the
Southern Ocean are attributed to changes in environmental condi-
tions in southern South America related to lower sea level, forma-
tion of mobile outwash plains, and increased supply of glaciogenic
debris by expanded Patagonian and Antarctic Peninsula ice sheets.
• We suggest that particle transport within the ACC was the most im-
portant supply mechanism at the LGM, because the ACC probably
had a higher transport volume due to increased current speed.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.epsl.2011.10.007.
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